The migration behavior and separation of 13 quinolone antibacterials were investigated by capillary electrophoresis (CE). In order to predict the electrophoretic mobility, the protonation macroconstants of all the compounds were determined by pH-potentiometric titrations. We proved that the electrophoretic mobility of ionized quinolones (QNs) can be described with Offord's equation, and the migration order depends on their charge-to-mass ratios. A buffer of 25 mM sodium tetraborate adjusted to pH 9.3 was an efficient electrophoresis system for the separation of 12 QNs by capillary zone electrophoresis. This method can be considered a general method to separate quinolone derivatives. Ciprofloxacin, norfloxacin and ofloxacin, fluoroquinoles with very similar structural characteristics, were separated by micellar electrokinetic chromatography. Validation parameters, including linearity and detection and quantification limits, were also determined. Our results prove the applicability of CE for the simultaneous determination of QNs from complex mixtures. Our methods are environment-friendly replacement and improvement of a common high-performance liquid chromatography determination with rapid analysis time without using any organic solvents.
Introduction
Quinolones (QNs) are a class of synthetic chemotherapeutic antibiotics of great therapeutic value, eradicating bacteria by interfering with DNA replication. QNs contain an 1-substituted-1,4-dihydro-4-oxopyridine-3-carboxyilic moiety, whereas fluoroquinolones (FQs) bear a fluorine atom in the C-6 position and a piperazinyl or other heterocycle with basic nitrogen in the C-7 position. These motifs provided a broad spectrum of activity against Gram-negative and some Gram-positive bacteria and produced better pharmacokinetic profile (1) .
Quinolone antibacterial therapy is valuable both in human and in veterinary medicine. In the last decade, a real danger is the induction of resistance phenomena that occur in food of animal origin contaminated with these compounds, including degradation products that reach the environment (2) . To minimize this phenomenon, it is a global effort to develop rapid and sensitive methods for the determination of these compounds in raw materials, pharmaceutical formulations and also in biological, environmental and food samples (3 -7) .
We have recently shown that FQs are triprotic molecules and quantitated their site-specific basicities (8) . At physiological pH, FQs have two protonating sites, namely the N-4 0 nitrogen atom and the carboxylate group. The N-1 0 nitrogen atom protonates in very acidic media only, and it has no influence on the biological or chromatographic behavior of these compounds.
The most frequently applied technique for the analysis of QNs is high-performance liquid chromatography (HPLC) (9, 10) . A permanent difficulty of the HPLC separation is that QNs bear a charge at all pHs which necessitates ion-pair formation in the process of their separation (10, 11) . Unlike in HPLC, the ionized state is an advantageous property in capillary zone electrophoresis (CZE) where separation is based on the differences between the own electrophoretic mobilities of the analytes (12) . In the past few years, capillary electrophoresis (CE) has, therefore, emerged to be an important tool in the analysis of QN derivatives, due to its separation efficiency, low amount of sample and reagent consumption, speed of analysis and applications to a wider selection of analytes.
The main advantage of CZE separation is that the electrophoretic mobility can be predicted. Nevertheless, few studies have been reported on the prediction of electrophoretic behavior of QNs to find the optimal separation conditions for various QNs taking into consideration parameters such as pH, pK a values and the own electrophoretic mobilities of the analytes (13, 14) .
Despite the great advantages of CZE, the majority of the literature methods published so far describe separations for a few FQs from different generations, having different physico-chemical characteristics. The main shortcoming of the reported electrophoretic separations is that once the number of QNs in the sample exceeds 3 or 4, the resolution and selectivity become poor (15 -18) .
Separation of the structurally very similar analytes such as norfloxacin (NOR) and ciprofloxacin (CIP) is still very challenging and cannot be solved by simple aqueous CZE, due to the highly similar N1 substituents (14, 15, 19, 20) .
Besides CZE separation (16, 17) , micellar electrokinetic chromatography (MEKC) has also been introduced for the separation of QNs (21) . Upon addition of surfactant and the concomitant formation of micelles, the analytes are separated by differential partitioning between the micelles ( pseudo-stationary phase) and the surrounding aqueous buffer solution (mobile phase).
The aim of the present study was to perform a systematic study regarding the electrophoretic behavior of a large number of QN derivatives in order to develop simple, rapid and efficient CE methods for the simultaneous separation of QN derivatives from complex mixtures.
In addition, we proposed a complementary MEKC separation method for the separation of closely related QNs (e.g., CIP and NOR) that cannot be separated by CZE.
For this purpose, 13 antibacterial QNs of extensive therapeutic use were selected from various generations, including derivatives with different structural characteristics and others with closely related structures. The constitutional formulas of the quinolones studied are shown in Figure 1 .
Experimental

Instrumentation and reagents
GLpKa instrument
The protonation macroconstants (logK values) were determined by pH-potentiometry using a GLpKa instrument (Sirius Analytical Instruments) fitted with a combination Ag-AgCl pH electrode. The electrode was calibrated with the "four-parameter" TM calibration procedure, based on alkalimetric titration of 0.5 M HCl.
CE system
All CE experiments were conducted in an Agilent 6100 CE system equipped with a diode-array detector, while the results were recorded and processed using the Chemstation 7.01 software (Agilent). Separations were performed using uncoated fused-silica capillaries of 48 -70 cm Â 50 mm I.D (effective length 40 -62 cm) (Agilent). In all measurements, hydrodynamic sample injection was used by injecting the sample at the anodic end of the capillary, with the detector at the cathodic end.
Materials and reagents
The QNs were purchased from the following suppliers: nalidixic acid (NAL) and sparfloxacin (SPA) from Sigma-Aldrich; ciprofloxacin hydrochloride (CIP) and OFL from Ranbaxy Laboratories Limited; enoxacin (ENO) from Fluka; moxifloxacin hydrochloride (MOX) from Bayer Schering Pharma AG; NOR from Smruthi Organics Limited; difloxacin (DIF) and 3 0 -methyl-difloxacin All reagents and solvents were of analytical grade and were obtained from commercial suppliers and used without further purification. The deionized water was prepared with a Milli-Q Direct 8 Millipore system.
Methods
Potentiometric titration
In most experiments, 10 mL of an 1 mM aqueous solution of sample was preacidified to pH 2 with 0.5 M HCl, and then titrated with 0.5 M KOH to pH 12. Titrations of SPA were performed in the opposite direction. For NAL, the experiments were carried out in methanol/water mixtures and the aqueous protonation macroconstants were obtained by YasudaShedlovsky extrapolation (22) . The titrations were carried out under N 2 atmosphere at constant (0.15 M KCl) ionic strength and at standard temperature 25.0 + 0.58C. The RefinementPro TM software was used to calculate the protonation macroconstants.
Capillary zone electrophoresis
A background electrolyte (BGE) 25 mM borax at a pH of 9.3 was selected. The detection was carried out in ultra-violet (UV) at 214 and 280 nm, taking into consideration the UV absorption maxima of the studied analytes. All experiments were carried out at room temperature.
At the beginning of each day, the capillary was conditioned with 0.1 M NaOH (30 min), deionized water (5 min) and BGE (20 min). The capillary was preconditioned before every run with water (1 min) and BGE (3 min).
pH was adjusted using a Terminal 740 (Inolab) pH meter. Micellar electrokinetic chromatography Sodium dodecyl sulfate (SDS) as a surfactant was added in a BGE 25 mM borax. The capillary was conditioned with deionized water (5 min), 0.1 M NaOH (5 min) and BGE (5 min) and preconditioned before every run with BGE (3 min). Detection was performed at a wavelength of 280 nm. Other parameters were similar to those in the CZE method.
Calculation of electrophoretic mobility
The electrophoretic mobilities were calculated from the observed migration times with the following equation:
where m ep is the electrophoretic mobility of the analyte investigated, m is the apparent mobility, m EOF is the electroosmotic mobility, t m is the migration time of the quinolone in question, t EOF is the migration time for an unchanged solute, methanol in our case, L t is the total length of the capillary, L d is the length of capillary between injection and detection and V is the applied voltage.
Preparation of stock and standard solutions
The QN stock solutions were prepared by dissolving the substance in methanol at 10 mg/mL concentration. They were stored in the refrigerator at þ48C, and later diluted to an appropriate concentration. The solutions were treated in an ultrasonic bath for 10 min and filtered through a syringe filter of 0.45 mm pore size.
Results
CZE method
Twelve QNs can be separated with the optimized parameters within 10 min. The electropherogram of 12 QNs is shown in Figure 2 . To achieve the best separation with shortest analysis time, 25 mM sodium tetraborate, 20 kV voltage and 258C were chosen as optimum parameters.
CZE method validation
Our method was validated and validation parameters were calculated. Table I presents migration time, relative standard deviation (RSD), resolution, the results for linear regression equations, correlation coefficient (r 2 ), precision, limit of detection (LOD), limit of quantification (LOQ) and number of theoretical plates (N).
The linearity response for QNs was assessed in the range 5 -200 mg/mL. The linear regression equations were calculated using six concentration levels and three replicates per concentration. All correlations were over 0.99, which demonstrates a very good linearity of the method. The reproducibility of migration time and peak-area measurement was performed by six replicate injections containing 67 mg/mL of each analyte. The RSD values were all below 1%, indicating a good precision. LOD and LOQ were calculated by using signal-to-noise ratios of 3:1 and 10:1, respectively. These results verify that our CZE method can be used for separation, identification and quantitative determination for a large number of QNs. Our validated method is, therefore, the most general and reliable one so far, with the potential to separate QNs in environmental and food samples. Also, this separation can be achieved in purely aqueous BGE, which is also unique in the literature.
MEKC method
Using this method, the three important QNs can be separated within 9 min (Figure 3 ). The applied parameters were identical to those in the CZE, and 100 mM SDS was added to the BGE. The migration data with the validation parameters are summarized in Table II .
MEKC method validation
Our separation method of the three quinolones was validated. The linearity response for QNs was assessed in the range 10 -100 mg/mL. The linear regression equations were calculated using six concentration levels and three replicates per concentration. All correlations were over 0.99, which demonstrates a very good linearity of the method. The reproducibility of migration time and peak-area measurement was performed by six replicate injections containing 100 mg/mL of each analyte. The RSD values were all below 1%, indicating a good precision. We proved that MEKC can be used for the separation of structure-related derivatives. MEKC can be especially useful for the determination of drugs in samples having high protein content (clinical sample, body fluids) by reducing the disadvantageous matrix effects caused by organic materials.
Discussion
Preliminary study
Besides CZE separation, our aim was also to predict the electrophoretic mobility of every compound. Determination of protonation constants and then their use to predict the pH-dependent electrophoretic mobilities of the analytes is a valuable systematic approach in the development of a CZE separation. The electrophoretic mobility is related to structural parameters such as charge and mass (m pH vs. q/M a ). This relationship can be described by various semiempirical methods which differ in the a value, which is 1/3 in Stoke's law, 1/2 in the classical polymer model and 2/3 in Offord's approach (23) .
For the exact calculation of the average charge, the protonation macroconstants of QNs were determined by pH-potentiometric titrations. The logK values along with the isoelectric points (pH IEP ) are listed in Table III .
Based on the prediction methods, the relative mobility (q/M a ) of the compounds studied was calculated as a function of pH.
The curves predicted by Offord's law are presented in Figure 4 . Using these curves, the optimal pH range of the separation can be selected, which is the most important parameter in CZE separation.
The values of protonation macroconstants and the calculated mobilities show that NAL, as a naphtiridine derivative with one single protonation center, differs from all other compounds. The logK 2 values are very similar differing only by up to 0.24 logK units from the average. The logK 1 values are more different, which can be harnessed in CZE separation. At pH .8, more efficient separations can be achieved. As BGE, borate buffer was, therefore, chosen and the experimental electrophoretic mobilities were measured one by one for all compounds between pH 8 and 12.5. Using the experimental electrophoretic mobility values, the applicability of the prediction method could also be checked. The experimental and calculated mobilities were, therefore, plotted between pH 8 and 12.5. The value of the correlation coefficient (r 2 ) is 0.84, indicating that the migration order depends on the charge-to-mass ratio. We found best correlation with Offord's law, which is in agreement with the results of Benavente et al. (13) . The regression equation is shown in Figure 5 . We also observed that the correlation between pH 8 and pH 10.5 is much better than at the higher pH. Above pH 11, unpredictable parameters play a significant role in the capillary electrophoretic separation that deteriorate the correlation between calculated and measured mobilities and worsen the reproducibility in the CZE system.
Based on the preliminary data, we presumed that optimal separation could be achieved near pH 8.
However, only a few compounds could be separated in a complex mixture at pH 8. During the experiments, the peaks were broad, resulting in an insufficient resolution. This phenomenon can be assumed to be a consequence of interaction between the capillary wall and the analytes and/or among the QNs. Michaleas and Antoniodu-Vyza (24) took advantage of this phenomenon and developed a simple method for the quantitative analysis of FQs based on their concentration/associationdependent 1 H nuclear magnetic resonance chemical shift in D 2 O over a wide range of concentrations. In our previous works, the concentration-dependent chemical shift of FQs, which can be explained with the intermolecular association, was also observed (8, 25) . The possible reason of this pH-dependent interaction is that near pH 8 the compounds occur partly in zwitterionic form, enhancing the propensity of intermolecular associations.
The largest number of compounds with shortest analysis time can be separated at pH 9.3, which proved to be the optimum pH for our subsequent investigations.
CZE method optimization
Electrophoretic parameters (buffer concentration, buffer additives, applied voltage, temperature, injection time and pressure) influencing separation performance were studied and optimized.
The migration times of the analytes increased with the increase in the BGE concentration, because of the decrease of electroosmotic flow with the increase in ionic strength. Regarding voltage and temperature parameters, the migration times decreased with the increase in those, the limiting factors here being the Joule heating and viscosity of BGE directly related to temperature.
Injection pressure and time influence the migration time slightly only, but they have an effect on the shape of the peaks. Thus, a high injection pressure and a short injection time were chosen to avoid peak broadening or splitting.
Various buffer additives (organic solvents and surfactants) were used to change the selectivity of the separation, in order to obtain a better resolution. Addition of organic solvents (methanol and acetonitrile) could not improve the resolution, probably because the studied QNs exhibit very close electrophoretic mobilities that cannot be differentiated by adding a small amount of additive.
Migration times are obvious consequences of some structural and physico-chemical properties. NAL, a naphtyridine derivative with the lowest logK 1 value, has the longest migration time, while MOX, with pyrrolidino-piperidine ring and the largest logK 1 value, has the shortest migration time. However, it is also obvious that the average charge is not the only property that influences mobility. Although QN derivatives are compounds of high structural similarity, differences also exist in their molecular shape, hydration and association capability with the BGE, capillary wall or the other investigated analytes. These properties also influence the electrophoretic mobility, but their parameters are mostly unknown and are not involved in Offord's equation, causing in some cases unexpected sequences even for very similar molecules.
MEKC method optimization
Preliminarily, SDS as a surfactant was added to BGE. Separation of several QNs from a complex mixture is beyond the capacity of MEKC. Nevertheless, this method can be useful as an auxiliary technique to separate those QNs that cannot be separated by CZE ( e.g., CIP and NOR), from a mixture of a few components. The addition of surfactants in a BGE over the critical micellar concentration promotes spontaneous aggregation of surfactant molecules forming micelles in the running buffer, causing changes in the apparent mobility of the analytes due to hydrophobic interactions (26, 27) . The advantage of this method is that some compounds that could not be separated by CZE can be separated by MEKC. Our aim in this investigation was to develop a method for the separation of CIP, NOR and OFL, the three most frequently used therapeutic QNs (28, 29) . Table II shows that the MEKC migration order (OFL, NOR and CIP) is different from CZE separation (CIP and OFL). The migration order in MEKC is influenced not only by the average charge but also by the hydrophobicity of the analytes. Compounds with higher micelle affinity have slower migration, compared with molecules that linger in the bulk phase. OFL migrates faster than the other two components because its tricyclic skeleton can be less accommodated in the micelles.
Conclusions
CZE was proved to be an appropriate method for the fast and efficient separation of the same generation members of the quinolone family of drugs that are highly similar in every physico-chemical property, including electrophoretic mobility.
In addition, MEKC is verified to be a tool for the separation of QNs with very similar structural characteristics.
For each method, the analytical parameters were optimized to achieve the best separation. Validation parameters, including precision, linearity, LOD and LOQ, for each compound were also determined, providing the basis for further improvements in separation of even larger numbers of analytes and also for determination of trace contaminants in pharmacopoeial monographs.
